The aim of this research was to perform the energy analysis of Jatropha in two water management (full irrigation and rainfed) and four levels of nitrogen fertilization: 150% (N150), 100% (N100), 50% (N50), and 0% (N0) of the fertilization recommendation for the crop. The study was developed in the experimental field area located at Piracicaba/SP, Brazil, during the third growing season of Jatropha. Material and energy flow, energy balance (EB), and the energy return on investment (EROI) were determined for all water and nitrogen levels. The component that most contributed as energy input were fuels for all conditions (17.71 GJ ha -1 ). Among all the treatments, the highest energy incorporation (37.48 GJ ha -1 ) was observed in the N150 under irrigation. The increase for nitrogen applied, along with the irrigation usage, resulted in higher fruit yield and consequently input energy, despite the need for a greater energy investment. Without counting the residues in the analysis, only the N150 under irrigation was energetically efficient, presenting EROI of 1.04. Considering the residues, N150 and N100 with irrigation presented EROI of 1.15 and 1.06, respectively. Irrigation promoted an increase of 52, 63, 34 and 203% in EROI for fertilization levels N150, N100, N50, and N0, respectively. Keywords: Energy analysis, sustainability, energy flow. 
INTRODUCTION
The increment of agricultural yield has intensified the use of fertilizer, pesticide, fuel and machinery (ANDREA et al., 2014) , which contribute to the increment of energy input in the production system. However, most studies with energy balance from agricultural production system usually do not consider some important inputs, such as fuel used on many machinery activities (CRUSE et al., 2010; JOHANSSON et al., 2012; PIMENTEL, 1980) . Moreover, the lack of information about crop development, water use, and nutrient cycling make it impossible to determine better management practices, which is an important factor to improve the energy balance (ACHTEN et al., 2007) .
Jatropha curcas L. (Euphorbiaceae) is a perennial oilseed plant that hasbeen highlighted as an alternative source for renewable energy. Besides the recent increment of studies with this crop, there is few information about the energy sustainability, especially when considering the continuous and long-term production (FRIGO et al., 2008) , and the effects of irrigation and fertilizer management on the energy balance (EB) and energy return on investment (EROI). In energy crops such as Jatropha, EB and EROI are appropriate indicators, since both input and output energy are adequate for energy assessment (VEIGA et al., 2015) .
Both irrigation and nitrogen fertilization are directly associated to the yield increment from crops. Studies with Jatropha have demonstrated that the high amount of fertilizer and water from irrigation applied to the plants resulted in lower positive energy balance when compared to the production system under low resources (JORDAN et al., 2012; SANTOS, 2016) . Furthermore, the use of end-product and co-products in energy analysis showed a positive energy balance for biodiesel production from Jatropha (PRUEKSAKORN; GHEEWALA, 2006) .
In order to obtain the sustainability from a bioenergy programs, it is necessary a higher biofuel energy production than the energy consumed during the production process. Nitrogen fertilizer is associated to the high input energy due to its large energy expenditures during the production processes (FREITAS et al., 2013) . Moreover, the effect of irrigation on the production system and the energy balance of Jatropha has not been fully investigated, yet. It is necessary, therefore, to identify both crop management techniques in terms of energetic efficiency, which will provide valuable IMPACT OF IRRIGATION AND NITROGEN FERTILIZATION ON THE ENERGY BALANCE AND ENERGY RETURN ON INVESTMENT OF JATROPHA PRODUCTION information about the energetic feasibility of Jatropha cultivation.
Thus, the objective of this study was to determine the Jatropha energy balance from two water management and four nitrogen fertilizer levels.
MATERIAL AND METHODS

Experimental site
This study was developed during the third growing season of Jatropha in an experimental area located at Piracicaba, SP, Brazil (22º 41' 57" S, 47º 38' 38" W and 530 m a.s.l.). Climate of this region is classified as a humid subtropical (Cfa) with precipitation concentrated at the summer season and dry winter. Soil was a clay, containing 57.1% clay, 20.9% silt and 22.0% sand, 1.4% organic matter content, and bulk density 1.4 g cm -3 . It was evaluated four nitrogen (urea) levels, with 150 (N150), 100 (N100), 50 (N50), and 0% (N0), considering the fertilizing recommendation for Jatropha cultivation (FACT, 2010) , and two water management, one irrigated by center pivot and other under rainfed condition, with total area of 1.0 and 0.5 ha, respectively. The amount of irrigation depth was determined by two weighing lysimeters installed in both irrigated and rainfed areas previously calibrated and used to perform Jatropha actual crop evapotranspiration.
Energy efficiency indicators
Two indicators were determined for the energy analysis: energy balance (EB) and energy return on investment (EROI), which were calculated by the equations (1) (ROMANELLI et al., 2012) and (2).
where EB (GJ ha -1 ) is the energy balance, Eo (GJ ha -1 ) is the total energy output and Ei (GJ ha -1 ) is the total energy input, EROI -Energy Return On Investment (dimensionless).
Material and Energy flow
The total energy consumed (input) during the Jatropha production system (Ei) was calculated by accounting the entire technical itinerary of the operations in the third year of the Jatropha cultivation. Machinery and labor used on weeds, insects, and diseases control were accounted for input energy. Moreover, the sum of the energy coefficients corresponding to the correctives, fertilizers, fungicides, herbicides and insecticides used in each system was estimated, as well as the energy consumed by the direct or indirect use of irrigation.
Machinery and equipment mass depreciation were determined by equation 3 (ROMANELLI; MILAN, 2010) , considering a tractor with 3,940 kg, 55 kW of gross engine power and 1,200 h of lifespan. The lifespan for the sprayer was considered 2,000 h and 1,500 h for the manual grass mower used in the weed control.
MD = M*EE m /(EL*EFC)
where MD (MJ ha -1 ) is machinery depreciation, M (kg) is machinery mass, EEm is the embodied energy of machinery (MJ kg −1 ), EL (h) is machinery effective life (or lifespan) and EFC is effective field capacity (ha h -1 ). Fuel consumption for each operation was calculated by equations 4 and 5 (ROMANELLI; MILAN, 2010) .
where Chour (L h -1 ) is hourly consumption, GPeng (kW) is engine gross power and SC is a consumption factor (0.163 L kW -1 h -1 (MOLIN; MILAN, 2002) , Ec is energy from fuel consumption (MJ ha -1 ), fcb is fuel energy index (MJ L -1 ), Hm is the amount of hours the machines worked in the year (h yr -1 ), and A is cultivated area (ha).
Energy related to human labor was determined using the equation 6.
where Elabor (MJ ha -1 ) is the embodied energy from human labor, Hy (h) is total hours from human labor, Flabor (MJ h -1 ) is the hourly energy requirement for human labor and A (ha) is the area.
Energy input related to the consumption of fertilizers and chemicals (fungicides, herbicides, and insecticides) was determined by equations 7 and 8 (ROMANELLI; MILAN, 2005) .
where EIl (MJ ha -1 ) is the enclosed energy on applied pesticides, Ecl (MJ L -1 ) is the enclosed energy of a liquid input, ia (%) is the concentration of active ingredient in the commercial product, Vp (L) is the used volume of the commercial product, Va (L) is the volume to be applied and Q (L ha -1 ) is the application rate, Esi is the enclosed energy in solid inputs (MJ ha -1 ), Qt (kg ha -1 ) is the quantity of input applied per hectare and Ecs (MJ kg -1 ) is the energy content of a solid input.
For the irrigated area, total energy input by irrigation system usage was determined by direct energy used to pump water for the irrigation system (equation 9) (ROMANELLI; MILAN, 2005) and indirect embodied energy from irrigation (equation 10) (DIOTTO et al., 2014) , considering a center pivot with 20 year of lifespan with 260 m long main line and the system flow was 0.01 m 3 s -1 . It was considered an area of 10 ha to simulate the pumping power requirement (14.4 kW), since this area can be considered a minimal to return the investment on a center pivot.
where Eirr (MJ ha -1 yr -1 ) is the direct energy used by irrigation system, Cee (MJ kW -1 h -1 ) is the energy index of electric energy, GP (kW) is the electric engine gross power, Hd (h d -1 ) is the hour used per day with the system on, Nd is the number of days with irrigation per year (d yr -1 ) and A is the irrigated area (ha). The energy index considered for each material used is presented in Table 1 . 
where EEpivot (GJ ha -1 yr -1 ) is the indirect embodied energy from center pivot, UL (yr) is the irrigation system lifespan, Q (m³ s -1 ) is the irrigation system total flow, L (m) is the main line length and P (kWh) is the pump gross power. humidity. From this value, the use of residues was also considered, with a 10% increase in energy production.
RESULTS AND DISCUSSION
The total embodied energy for the field implantation was 19.6 GJ ha -1 , and this value can be considered for 20 years of Jatropha cultivation. Thus, for every year, a value of 0.97 GJ ha -1 yr -1 was adopted for the inputs invested.
The total embodied energy fluctuation was influenced by irrigation and nitrogen applied. In general, the irrigated area showed higher energy input in comparison to the rainfed condition ( Table 2 ). The higher contribution of irrigation on total energy was also observed by Frigo et al. (2008) with Jatropha and by Diotto and Irmak (2016) N0 (0% N), N50 (50% N), N100 (100% N) and N150 (150% N).
Under irrigation, fruits yield was 1846.3, 1619.7, 1455.0, and 982.5 kg ha -1 in N150, N100, N50, and N0 treatments, respectively. In rainfed conditions, yield of jatropha fruits was lower in relation to the irrigated area where yields were 1003.0, 812.5, 876.3, and 258.3 kg ha -1 in N150, N100, N50, and N0 treatments, respectively. Considering the Jatropha yield and total energy input, EB was negative in all treatments when the credits from residues were not computed, except in condition N150 irrigated (1.66 GJ ha -1 ). However, when considering the residues credits, N100 under irrigation also presented positive EB. Similarly, EROI was greater than 1 in treatment N150 irrigated without assuming residues credits. The addition of the residues in the accounting caused increase in EROI in all treatments, however, showed energetic viability (EROI≥1) only in treatments N150 and N100 under irrigation (Table 2) . For the rainfed condition and all nitrogen fertilizer treatments, EROI was less than 1, even when considering the residue credits. For both irrigated and rainfed conditions, the highest and lowest EROI values were observed in treatments N150 and N0, respectively. These results show the high influence of nitrogen fertilization together with irrigation on the energetic profitability of the Jatropha production system (PRUEKSAKORN; GHEEWALA, 2006) .
Observing all the energy inputs in the experiment (Table 2) , it was verified that the fuel consumption was the input that most contributed in the incorporated energy in both water managements conditions (17.71 GJ ha -1 ). High values of fuel utilization shows a strong dependence on fossil fuel in bioenergy crops (Jordan et al., 2012) .
The presence of irrigation system was the main reason for the difference in total energy input between irrigated and rainfed treatments due to the indirect energy embodiment by the center pivot irrigation system and the direct electric energy used to pump and pressurize the water. The total energy input by the irrigation system was 6.55 GJ ha -1 , with 4.44 GJ ha -1
represented by the indirect use of the irrigation system and 2.11 GJ ha -1 by the electric energy for the operation of the pump. Irrigation represented 20.4, 19.3, 18.3, and 17 .5% of the total energy input for the N0, N50, N100, and N150 treatments, respectively (Figure 1) . The use of chemicals and fertilizers corresponded the second highest energy inputs in the Jatropha cultivation system. Increasing N applied promoted higher energy consumption, and these values were higher for the N150 treatments in each water management condition (Table 2) . These results are mainly explained by the high energy index of nitrogen (50.28 MJ kg -1 ). The energy used by the nitrogen application ranged from 9.9% (N0) to 22.4% (N150) and from 12.4% (N0) to 27.2% (N150) in irrigated and rainfed treatments, respectively (Figure 1) .
However, this higher energy investment did not have a negative effect on EROI, since the higher amounts of nitrogen along with the presence of irrigation may have influenced the increase in productivity and consequent of the total value of energy produced (energy output). Gomes et al. (2013) , in a study with common bean, also observed increment of EROI with plant under irrigated condition. In this study, irrigation promoted an increase of 52, 63, 34, and 203% in EROI for fertilization levels N150, N100, N50, and N0, respectively.
According to Cavalett & Ortega (2010), Macedo et al. (2008) , and Gomes et al. (2013) , the highest energy consumption in agricultural phase or the on-farm activities is expected. It emphasizes the importance of improving the crop production system by implementing and adequate crop management such as fertilizer and water use efficiency. Despite the small energy profit observed in this study, it is important to use more efficient management practices with IMPACT OF IRRIGATION AND NITROGEN FERTILIZATION ON THE ENERGY BALANCE AND ENERGY RETURN ON INVESTMENT OF JATROPHA PRODUCTION less dependence on fossil energy sources to improve this index. For nitrogen, the use of green fertilization, symbiotic fixation (GAZZONI et al., 2005) , and domestic sewage as a source of N can contribute to the energy inputs and guarantee the energy profitability for biofuel production (FREITAS et al., 2013) .
CONCLUSIONS
The fuel consumption was responsible for the largest energy input in all treatments.
The energy balance was positive for treatment with 150% of nitrogen and under irrigated condition, even without considering the residues.
The residues accounting for energy production promoted an increase of EROI, but this value was higher than 1 only for the N150 and N100 treatments under irrigated condition.
